BLM (bleomycin) is effective in combination therapy against various cancers including testicular cancer. However, several other cancers such as colon cancer are refractory to BLM treatment. The exact mechanism for this differential response of cancer cells to the drug is not known. In the present study, we created fluorescently labelled BLM-A5, which retained nearly full genotoxic potential, and used this molecule to conduct the first study to understand the transport pathway of the drug in Saccharomyces cerevisiae. Uptake studies revealed that fluoro-BLM-A5 is transported into the cell in a concentration-dependent manner. Transport of a non-saturating concentration of fluoro-BLM-A5 was modest for the first 90 min, but thereafter it was sharply induced until 300 min. The inducible transport was completely abolished by the addition of cycloheximide, suggesting that BLM-A5 uptake into the cell is dependent on new protein synthesis. Interestingly, transport of fluoro-BLM-A5 was blocked if the cells were preincubated with increasing concentrations of spermine. Moreover, a mutant lacking the Ptk2 kinase, necessary for positively regulating polyamine transport, was defective in fluoro-BLM-A5 uptake and exhibited extreme resistance to the drug. A simple interpretation of these results is that BLM-A5 may enter the cell through the polyamine transport system. We showed further that after the uptake, fluoro-BLM-A5 accumulated into the vacuole of the parent, but localized to the cytoplasm of mutants disrupted for the END3 gene required for an early step of the endocytotic pathway. In general, mutants with a defect in the endocytic pathway to the vacuole were hypersensitive to BLM-A5. We suggest that BLM-A5 is transported across the yeast plasma membrane and sequestered into the vacuole for detoxification.
INTRODUCTION
The antibiotic BLM (bleomycin) was initially isolated from Streptomyces verticillus and subsequently shown to exhibit powerful genotoxic and antitumour properties [1, 2] . BLM is administered systemically and used only in combination therapy with other antineoplastic agents [3] [4] [5] [6] . While BLM is effective against lymphomas, testicular carcinomas, and squamous cell carcinomas of the cervix, head and neck, it has no effect on other types of cancers including colon carcinomas [7, 8] . A number of mechanisms have been proposed to account for tumour resistance to BLM, and these include increased drug efflux, decreased uptake, increased degradation by BLM-hydrolase and increased DNA repair [2, 9, 10] . However, the exact mechanism contributing to BLM-resistant tumours is unknown.
The structure of BLM is characterized by metal-and DNAbinding domains, a carbohydrate moiety and a polyamine-like region (see Figure 1A ) [1, 11] . Unlike the other domains, very little is known about the carbohydrate moiety, except that BLM lacking this region exerts much less powerful genotoxic effect [12] . BLM binds to the reduced form of iron (Fe II), and in the presence of oxygen forms a free radical reactive complex that can attack several macromolecules in the cells including RNA and DNA [13] . For DNA, activated BLM induces the formation of a characteristic set of lesions, which closely resembles those produced by ionizing radiation [11, 14] . These lesions include oxidized apurinic/apyrimidinic (AP) sites and single-strand breaks, where the 3 -end is terminated with a portion of the deoxyribose ring to form 3 -phosphoglycolate that effectively blocks DNA synthesis [11, 15] . In the absence of oxygen, BLM can also produce bi-stranded DNA lesions at specific sequences, e.g. CGCC [16, 17] .
It is well established that BLM-induced DNA lesions are mutagenic [18] [19] [20] [21] . Thus normal cells of cancer patients exposed to BLM must rely on enzymes to repair efficiently the druginduced DNA lesions, as well as defence mechanisms to detoxify rapidly the drug, to prevent lethal mutations leading to toxic side effects and secondary tumours. A strategy that cells might use to detoxify BLM involves multidrug resistance pumps. In the yeast Saccharomyces cerevisiae, the known drug efflux pumps belonging to the ATP-binding cassette and the major facilitator superfamilies, e.g. Snq2, Yor1, Atr1 and Flr1, are not involved in the extrusion of BLM [22] [23] [24] [25] . Indeed, mutants lacking these drug efflux pumps are not sensitive to the BLM [25] . Moreover, a mutant AD1-8 bearing deletion in seven genes (yor1∆, snq2∆, pdr5∆, pdr10∆, pdr11∆, ycf1∆, pdr15∆), encoding ATP-dependent drug transporters, was not sensitive to BLM (D. Ramotar, unpublished work). Therefore these observations prompted us to investigate if a mechanism exists to transport BLM into yeast cells. We therefore initially synthesized a fluorescently labelled form of BLM (using BLM-A5) and rigorously showed that this molecule retained nearly the same genotoxic potential as the natural drug in yeast cells. We showed that fluoro-BLM-A5 (F-BLM) is transported into the cells in a concentration-and time-dependent manner, and that this process requires new protein synthesis. Additionally, transport of F-BLM was greatly reduced in a mutant deleted for the PTK2 gene, encoding a kinase that positively regulates polyamine transport. These findings raise the interesting possibility that both BLM and SPM (spermine) may utilize a common transport mechanism. Finally, we show that The metal-binding domain binds to reduce iron and in the presence of oxygen forms a free radical that attacks the DNA. While the polyamine-like region is involved in DNA binding, the function of the carbohydrate moiety is unknown. This structure has been adapted from Leitheiser et al. [58] . (B, C) Resolution of fluorescently labelled BLM (F-BLM) and SPM (F-SPM) by agarose gel electrophoresis. The products formed by reacting either BLM (B, lane 2) or SPM (C, lane 2) with activated succinimidyl FITC (lane 1) were loaded on 1 % agarose gel in 40 mM Mes buffer and allowed to migrate for 2 h at 50 V (see the Materials and methods section). Bands were detected by long-wavelength UV light. Open arrows indicate the loading lanes and closed arrows indicate positions of the reaction products F-BLM, F-BLM* and/or F-SPM. The * indicates the inactive form of F-BLM.
F-BLM accumulates in the vacuole, and that its distribution is altered in mutants defective in the endocytotic pathway, causing these mutants to display hypersensitivity to the drug. Collectively, our results clearly indicate that BLM is transported into yeast cells and directed to the vacuole for detoxification.
MATERIALS AND METHODS

Strains, media and transformation
The S. cerevisiae strains used in the present study are listed in Table 1 . Yeast cells were grown at 30
• C in either YPD [1 % (w/v) yeast extract, 2 % (w/v) peptone, 2 % (w/v) dextrose] or minimal synthetic (SD: 0.65 % yeast nitrogen base without amino acids, 2 % dextrose, 0.17 % dropout mix) medium used for transformation [26, 27] . Yeast cells were transformed by the lithiumacetate method [28] . (5(6)-FAM,SE; Molecular Probes] in 0.2 M NaHCO 3 (pH 9.0) was added to 300 µl of 0.6 mM BLM-A5 (Calbiochem; prepared in 0.2 M NaHCO 3 , pH 8.3) and the mixture was incubated for 2 h at room temperature (25
The reaction was stopped by the addition of 10 µl of 1.5 M hydroxylamine (pH 8.5). The reaction products were resolved on 1 % agarose gel for 2 h at 100 V using 40 mM Mes buffer (Amersham Biosciences) at pH 6.0. The product (slower migrating band towards the cathode) containing (FITC coupled with BLM) was visualized by a hand-held longwavelength (365 nm) UV lamp, excised, placed at − 80
• C until frozen, centrifuged at 10 080 g for 5 min in an Eppendorf centrifuge, freeze-dried and resuspended in 300 µl of sterile distilled water. F-BLM was aliquoted and stored at − 20 • C. Using the same method, FITC was coupled with SPM (Sigma) to generate the molecule F-SPM.
HPLC analysis of F-BLM
Reversed-phase HPLC was performed using a Vydac C18 column [250 mm × 0.4 mm, 5 µm, 300 Å (1 Å = 0.1 nm); Mandel Scientific, St-Laurent, QC, Canada] connected to a Beckman Gold system (Beckman, Missisauga, ON, Canada). This system includes a 126 solvent module, a 168 detector equipped with deuterium lamp, an external injector (Rheodyne, Rohnert Park, CA, U.S.A.) and a 32 Karat analysis software. F-BLM derived from the agarose gel and resuspended in sterile deionized water (see above) was diluted in 1 ml of 0.1 % TFA (trifluoroacetic acid) and filtered through a 0.45 µm filter (4 mm Nylon syringe filter; Fisher, Montreal, Quebec, Canada) and loaded on to the column. The product was separated using a 14-20 % (v/v) acetonitrile/0.1 % TFA linear gradient at a flow rate of 1 ml/min and analysed at a wavelength of 254 nm.
The concentration of F-BLM was assessed against natural BLM (BLM-A5) by reading the absorbance at 292 nm and by the extent of fragmentation of purified pBluescript plasmid DNA when compared with the unmodified drug. The cytotoxic effect of F-BLM was determined by clonogenic assays of a parent strain YW465 and the DNA-repair-deficient mutant YW778 (see text).
Uptake analyses
For F-BLM uptake studies, exponentially growing cultures were washed twice in sterile distilled water and resuspended in uptake buffer [50 
Fluorescence microscopy
Cells were grown to a density of 2 × 10 8 cells/ml, washed twice in sterile distilled water and resuspended in uptake buffer. An aliquot of 100 µl of cells was incubated with either F-BLM or F-SPM (0.36 µg/ml), and the cells were incubated at 30
• C in the dark with mild shaking for 1 h. FM4-64 dye [N-(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino)phenyl)-hexatrienyl)pyridiniumdibromide; Molecular Probes] was used as a positive control to localize the vacuoles [30] . Cells were washed three times with 1 ml of sodium phosphate buffer, resuspended in 100 µl of the buffer, and 3 µl was mounted on microscope slides for fluorescent microscopy. Cells were photographed at 100 × magnification by imaging camera (Retiga GX 32-002TB-303) attached to a Leica DMRE fluorescent microscope and images were processed by the MacIntosh OpenLab program. FM4-64 (Molecular Probes) was used to identify the vacuoles.
Survival curves, spot tests and mutation assays were performed as described previously [31] . For nystatin (Sigma) treatment, cells were preincubated for 1 h with 10 units/ml.
Primer extension assay
Primer extension assay was performed as described previously [25] . Briefly, exponentially growing cultures were tested with and without BLM (20 µg/ml for 1 h). Chromosomal DNA was isolated and assessed for the ability to permit incorporation of [methyl-3 H]dTMP by purified Escherichia coli DNA polymerase I (Promega). Apn1 used for pretreating the chromosomal DNA was purified in our laboratory [32] . The labelled [methyl-
3 H]dTPP (NET221X from NEN Life Sciences Products; 37.0 MBq) was added to the reaction mixture to a specific activity of 1230 c.p.m./ pmol [25] . 
Statistical analysis
Results are expressed as means + − S.D. for three separate experiments with duplicate or triplicate determinations for each experiment.
RESULTS
Preparation and analysis of FITC-labelled BLM
Radioactively labelled BLM is not commercially available for drug uptake studies, and we therefore conjugated activated succinimidyl-FITC to bleomycin-A5 (BLM) by using a similar approach reported for attaching FITC to tallysomycins, which is structurally related to BLM but contains an additional talose sugar (see the Materials and methods section) [33, 34] . Since BLM contains a few nitrogen groups that are accessible to react with the amine-reactive FITC ( Figure 1A ), only a limited number of products could be expected. The products were readily resolved from the free BLM and FITC by electrophoresis on agarose gels, as the latter two starting reagents migrated in opposite directions. Figure 1 (B, lane 2) shows the result of a typical agarose gel depicting four distinct fluorescent bands visualized by long-wavelength UV light (365 nm). The two upper bands, a major and minor compound, designated as F-BLM and F-BLM * respectively, were the result of covalent linkage of BLM to succinimidyl-FITC, whereas the two lower bands were due to the uncoupled activated succinimidyl-FITC ( Figure 1B , lane 2 versus lane 1). Since the highly positively charged free BLM migrated towards the cathode and completely out of the gel, and the free FITC migrated towards the anode, neither F-BLM nor F-BLM * is expected to contain any contaminating starting material. In a similar synthesis, we have also coupled SPM with activated FITC ( Figure 1C , see below).
The major compound, F-BLM, was isolated from the agarose gel and further analysed for additional products by HPLC (see the Materials and methods section). This analysis resolved the F-BLM into four separate peaks (I, II, III and IV) by reading the BLM absorbance at 254 nm (Figure 2A ), which also exhibited the same excitation/emission (495/525 nm) wavelength as FITC (results not shown). Peak I contained the major portion of F-BLM and it eluted 3 min earlier than purified BLM-A5 (Figure 2A) . Each of the four peaks of F-BLM was separately assessed for the ability to damage purified plasmid DNA by monitoring the conversion of covalently closed circular form (I) into the nicked form (II). All four peaks contained F-BLM, which was active at damaging the plasmid DNA ( Figure 2B , lane 4, showing data only for peak I), when compared with purified BLM-A5 (lane 7). None of the F-BLM peaks caused damage to the plasmid in the presence of EDTA, suggesting that F-BLM action on DNA is metal-dependent (results not shown). In short, F-BLM isolated from the agarose gel consists of at least four forms, perhaps representing different covalent linkage of FITC to BLM, which can damage DNA. Since peaks II, III and IV did not contain sufficient quantity of F-BLM for subsequent studies, all ensuing experiments were performed with F-BLM derived from peak I.
F-BLM induces cell killing and damages DNA in vivo
To examine if F-BLM is functionally active, we compared the survival of exponentially growing cells challenged with increasing concentrations of either F-BLM or the unmodified drug (see the Materials and methods section). The strains examined were the parent YW465 and a BLM-hypersensitive mutant strain YW778 (apn1∆ apn2∆ tpp1∆) known to be defective in the repair of BLM-induced DNA lesions [35] . Results revealed that F-BLM decreased the survival of both the parent and the mutant strains, but it was slightly less effective than the natural drug BLM-A5 ( Figure 3A) . On the basis of this finding, it would appear that F-BLM possesses nearly full capacity to act as a cytotoxic agent.
We next examined if F-BLM-mediated cell killing is a direct result of damage to DNA. In this experiment, the parent and the BLM-hypersensitive strain YW778 were treated with or without F-BLM (20 µg/ml for 2 h), and chromosomal DNA was isolated and examined for the ability to permit in vitro incorporation of [methyl-
3 H]dTMP [25] . In this analysis, we expect that if F-BLM damages the DNA, the lesions will be processed in the parent, but not in the mutant, to produce free hydroxy groups, which can serve as substrate in a second step to allow the in vitro incorporation of [methyl-3 H]dTMP by purified E. coli DNA polymerase I [25] . The DNA isolated from the F-BLM-treated parent strain showed a substantial level of [methyl-
3 H]dTMP incorporation, but not the DNA derived from the treated mutant strain YW778 ( Figure 3B ). Analogous data were obtained when cells were treated with unmodified BLM [25] . As shown previously, DNA isolated from untreated cells showed no [methyl-3 H]dTMP incorporation ( Figure 3B ) [25] . These results suggest that F-BLM is acting in a manner similar to the unmodified drug in generating DNA lesions, which must be processed by the enzymes that are deficient in strain YW778. To examine further, the F-BLM-damaged chromosomal DNA derived from strain YW778 was pretreated with purified Apn1 (a DNA repair enzyme that can process BLM-induced DNA lesions to create 3 -hydroxy groups) and then monitored for [methyl-
3 H]dTMP incorporation by DNA polymerase I. Preincubation of F-BLM-damaged DNA derived from strain YW778 with purified Apn1 greatly stimulated [methyl-
3 H]dTMP incorporation ( Figure 3B ). Apn1 did not permit additional [methyl-
3 H]dTMP incorporation into the damaged DNA isolated from the parent strain ( Figure 3B ). Consistent with these findings, introduction of a multicopy plasmid YEpAPN1 expressing the Apn1 protein into strain YW778 restored full 
parental resistance to F-BLM (results not shown). Taken together, these results indicate that the cytotoxic effects of F-BLM are related to its ability to produce DNA lesions that can be processed by Apn1. We also examined if F-BLM acted similarly to BLM-A5 in the induction of mutations. In this experiment, the parent strain was challenged with increasing concentrations of either F-BLM or BLM-A5 and scored for canavanine-resistant colonies (Can R+ ). These colonies arose as a result of mutation in the CAN1 gene encoding the arginine permease, which permits entry of the arginine analogue canavanine into the cell. This analysis revealed that F-BLM caused a concentration-dependent increase in the frequency of can R mutants and to the same magnitude as cells exposed to BLM-A5 (Table 2) . Thus, taken together, these results clearly indicate that attachment of FITC to BLM-A5 did not interfere with the ability of the drug to enter yeast cells and to act as a genotoxic agent.
F-BLM is transported into parent yeast cells and inhibited by CHX (cycloheximide)
We next investigated the kinetic parameters for the uptake of F-BLM into the parental strain. Exponential-phase cells showed a concentration-dependent uptake of F-BLM, which reached a V max of 3.4 + − 0.5 pmol · h −1 · (10 7 cells) −1 ( Figure 4A ). In contrast, no detectable uptake was observed for the activated succinimidyl-FITC ( Figure 4B ). At the non-saturating concentration of 0.72 µg/ml, F-BLM entered the cells in a time-dependent manner ( Figure 4C ). Drug entry occurred after 30 min and increased linearly to 60 min, but began to plateau between 60 and 90 min ( Figure 4C ). After 90 min, F-BLM uptake resumed and linearly accelerated over the next 150 min ( Figure 4C ). These findings indicate that F-BLM is transported into the cells in a biphasic manner and that the latter phase might be inducible (see the Discussion section).
To test if F-BLM transport is dependent on new protein synthesis, cells were preincubated with the protein synthesis inhibitor CHX (10 µg/ml) and then assessed for the drug uptake. The results revealed that CHX did not interfere with the initial uptake of F-BLM, which occurred during the first 60-90 min, but after this time interval uptake was completely inhibited ( Figure 4C ). In control experiments, CHX treatment did not block [ 3 H]leucine uptake into the cell, nor did BLM (0.72 µg/ml) exposure cause any effects ( Figure 4D ). Thus it would appear that the late phase of F-BLM uptake into yeast cells is performed by a transport process that is dependent on new protein synthesis.
F-BLM transport is diminished by SPM
Since BLM-A5 contains a carbohydrate moiety, as well as a region that bears the same chemical composition as polyamines ( Figure 1A ), we tested whether cells preincubated with either various carbon sources or SPM could interfere with F-BLM transport. No alteration in F-BLM transport was observed if the cells were preincubated with either 2 % galactose, maltose or raffinose (results not shown). Similarly, cells preincubated with increasing and non-toxic levels of SPM (0.1-1.0 mM) for a brief period (< 1 h) showed no defect in F-BLM uptake (results not shown). However, if the cells were preincubated with SPM (0.1-1.0 mM) for a longer time (16 h), F-BLM uptake was reduced in a concentration-dependent fashion ( Figure 5 ). F-BLM uptake was similarly decreased with non-toxic concentrations of spermidine, suggesting that this effect was not specific for SPM (results not shown). In control experiments, SPM (1.0 mM for 16 h) did not interfere with [ 3 H]leucine uptake (see Figure 4D) . A simple interpretation of these findings is that polyamines and BLM-A5 may utilize a common transport process (see the Discussion section).
ptk2∆ mutants are defective in F-BLM uptake
To explore if there is indeed a relationship between F-BLM and SPM transport, we examined if F-BLM uptake is altered in a ptk2∆ mutant. This mutant is deleted for the PTK2 gene encoding a kinase that is involved in positively regulating the transport of polyamine [36] . ptk2∆ mutants were previously shown to be deficient in polyamine transport and displayed resistance to toxic levels of SPM [36] . Interestingly, Figure 6 (A) shows that the ptk2∆ mutant exhibited a sharp decrease in F-BLM uptake, at least 4-fold lower when compared with the parental strain. Moreover, this mutant did not display the typical biphasic transport for F-BLM, as seen for the parent ( Figure 6A ). Thus it would appear that the transport of BLM and SPM into yeast cells is governed by the same mechanism (see the Discussion section).
The exact role of Ptk2 in regulating polyamine transport is not known, but a previous study demonstrated that Ptk2 may function by regulating the activity of Pma1, an essential plasma membrane proton pump [37] . Pma1 creates a voltage gradient that is used as an energy source by transporters to drive uptake of nutrients, ions and other compounds into the cells [37, 38] . As such, we tested if abrogation of the electrochemical gradient by the drug nystatin could alter F-BLM uptake. When parental cells were exposed to a non-lethal concentration of nystatin followed by uptake analysis of F-BLM, only a modest level of the drug was transported into the cell ( Figure 6A ). This observation strongly supports the notion that transport of F-BLM into the cell appears to be an energy-dependent process that could be regulated by Ptk2. It is noteworthy that the Ptk2 effect is not specific for BLM-A5 uptake, as ptk2∆ mutants were also defective in the transport of [ 3 H]leucine into the cells ( Figure 6B , and also see the Discussion section).
ptk2∆ mutants are resistant to the genotoxic effects of BLM
Since the ptk2∆ mutant manifests decreased levels of F-BLM transport, we tested if it also displays altered sensitivity to the drug. Thus we performed clonogenic survival assays using exponentially growing cultures that were treated with increasing concentrations of BLM. As shown in Figure 6 (C), the ptk2∆ mutant was extremely resistant to BLM, when compared with the parent. While 80 % of the ptk2∆ mutant survived a BLM concentration of 0.5 µg/ml for 1 h, only 20 % of parental cells survived this treatment ( Figure 6C ). This finding was not restricted to cells treated under acute conditions, as exponentially growing cultures that were serially diluted and spotted on to YPD solid medium containing BLM also revealed that the ptk2∆ mutant was extremely resistant to the drug (see below). Treatments that reduced F-BLM transport such as exposure to SPM or nystatin, protected the parent strain from BLM-induced killing ( Figure 6C , shown only for nystatin). Taken together, these findings strongly support the notion that the lethality of BLM is dependent on efficient transport of the drug into the cell.
F-BLM accumulates into the vacuole of the parent strain, but only weakly in the ptk2∆ mutant
We next determined the intracellular fate of F-BLM by monitoring the distribution of the drug using fluorescent microscopy. Parental cells incubated with F-BLM showed an initial weak cytoplasmic staining within 20 min. After 60 min, the intensity of F-BLM was greatly increased and the drug was found to be compartmentalized into the vacuole ( Figure 7B ), as the staining pattern coincided with the location of FITC-labelled SPM (F-SPM) ( Figure 7C ), which is known to accumulate in the vacuoles, and FM4-64, that stains the endocytic pathway, as well as the vacuolar membranes (Figure 7E ) [30, 39] . In contrast with the parental cells, F-BLM staining was extremely weak in the vacuole of the ptk2∆ mutant, suggesting that indeed the mutant is defective in the drug transport ( Figure 7D ). In control experiments, neither the activated succinimidyl-FITC nor FITC blocked with hydroxylamine showed any significant staining in the cell under the same conditions ( Figure 7A ). On the basis of our findings, it appears that after F-BLM is transported across the plasma membrane, the drug is predominantly sequestered into the vacuoles.
end3∆ mutants show decreased accumulation of F-BLM, but display hypersensitivity to the drug
Since several plasma membrane proteins, such as transporters of amino acids, sugars and drugs are known to undergo internalization by endocytosis and subsequent degradation in the vacuoles, we tested if F-BLM transport is affected by mutations in the endocytic pathway [40] [41] [42] . End3, a cytoskeletal protein, plays a key role in the early steps of endocytic internalization, and end3∆ mutants are defective in both fluid-phase and plasma membrane receptor/transporter internalization [43] . As such, turnover of the putative BLM transporter might be blocked in the end3∆ mutant, causing a higher level of F-BLM uptake than the parent, as reported for SPM transport [44] . The results revealed that F-BLM uptake was not increased, and instead decreased in the end3∆ mutant, when compared with the parent ( Figure 8A ). In control experiments, F-SPM uptake was substantially higher in the end3∆ mutant, as reported previously ( Figure 8B ). We next examined the cellular location of F-BLM in the end3∆ mutant. Fluorescent microscopy revealed that the drug was not contained within the vacuole, but was found mostly distributed in the cytoplasm of the mutant ( Figure 8C ). We then tested if the altered drug distribution has any consequences in cell survival. Exponentially growing end3∆ mutants spotted on to YPD solid media containing BLM displayed remarkable sensitivity to the drug ( Figure 8D ). In contrast, the end3∆ mutant showed resistance to CHX (Figure 8E ), which is expelled from cells by multidrug ATP-binding-cassette transporters, e.g. Pdr5 that probably accumulated in this mutant [24] . Thus it would appear that the non-compartmentalization of BLM in the cell is the most probable cause of the decreased survival and, consequently, decreased drug uptake. It is noteworthy that defects along the endocytosis pathway to the vacuoles also led to the BLMhypersensitive phenotype ( Figure 8D ). Mutants lacking the Vma2 protein required for the activity of the vacuolar H + ATPase to acidify this compartment, or Vps27 protein required for endosomal transport from the cell surface to the vacuole, were also hypersensitive to BLM ( Figure 8D ) [43] . As such, we suggest that the endocytic pathway to the vacuole is required to internalize a plasma membrane BLM transporter, and that this pathway plays a crucial role in the detoxification of BLM.
ptk2∆ end3∆ double mutant displays hypersensitivity to BLM
Since Ptk2-deficient mutants were resistant to BLM ( Figures 6C  and 8D ), we tested if deletion of the PTK2 gene could rescue the end3∆ mutant from BLM lethality. Interestingly, the ptk2∆ end3∆ double mutant was as sensitive to BLM as the end3∆ single mutant on spot-test analysis ( Figure 8D ). In addition, analysis of F-BLM uptake in the ptk2∆ end3∆ double mutant showed that it was not significantly different from the end3∆ single mutant ( Figure 8A ). One interpretation of these results is that the BLM-transporter activity might be leaky in the absence of Ptk2, allowing accumulation of toxic levels of BLM in ptk2∆ end3∆ double mutant during the chronic drug exposure. Alternatively, the BLM lethality of the ptk2∆ end3∆ double mutant could also be the result of a defective End3-dependent fluid endocytosis pathway.
DISCUSSION
In the present study, we generated a fluorescently labelled form of the anticancer drug BLM, designated F-BLM, which retained nearly full capacity to act as a genotoxic agent. We rigorously showed that F-BLM induces cell killing by creating endogenous DNA lesions analogous to the unmodified drug. We then used the fluorescent molecule as a tool to probe the mechanism of uptake and cellular distribution of BLM. Our results revealed that F-BLM is transported into the cell in a concentration-dependent manner. Moreover, the transport of F-BLM occurred in two phases, an early phase that may be time-independent and possibly due to passive diffusion, and a late phase that is time-dependent and blocked by CHX. This latter phase of F-BLM uptake may depend on a transporter, or a regulatory component of the transporter, that requires new protein synthesis. If this is the case, then the induction of a putative BLM transporter would certainly pose a severe disadvantage for normal cells challenged with BLM, unless this transporter has diverse functions such as playing a role in the transport of nutrients. We have also observed that disruption of the electrochemical gradient by nystatin blocked the late phase of F-BLM uptake. Whether this signifies that F-BLM transport is an energy-dependent process awaits further investigations.
While this study was in progress, we performed a genomewide screen on a haploid mutant collection to search for both BLM-hypersensitive and -resistant strains. This study revealed five BLM-resistant mutants, and three of these were deleted for genes involved in plasma membrane transport including the L-carnitine transporter Agp2, as well as the kinases Ptk2 and Sky1 [36, 45, 46] . We showed that Agp2 has the ability to transport BLM into the cell, as agp2∆ mutants exhibited a decreased level of F-BLM uptake [47] . Similarly, Ptk2 and Sky1 are also required to permit F-BLM uptake into the cells [47] . While Ptk2 has a general role in providing energy for transporters through maintaining the voltage gradient by positively influencing the activity of the proton pump Pma1 [37] , the Sky1 kinase seems to perform a direct role in BLM transport as it is not defective in [
3 H]leucine uptake (results not shown). These additional observations are consistent with the possibility that at least an energy-dependent plasma membrane transporter exists to transport BLM into the cell. It is unlikely that Agp2 is the sole BLM transporter, as deletion of the AGP2 gene in the end3∆ mutant did not protect the resulting agp2∆end3∆ double mutant from BLM-induced lethality (results not shown), although we cannot exclude that the toxicity arose from a defect in the End3-dependent fluid endocytosis process. Nonetheless, it remains to be determined whether other BLM transporter(s), besides Agp2, exists in yeast. Indeed, plasma membrane derived from either yeast or human cells contains a protein that binds BLM-A2, and which could also act as the carrier of the drug [48] [49] [50] [51] . This putative BLM-A2-binding protein (∼ 250 kDa in mass) was initially identified by its specific interaction with labelled [
57 Co]cobalt-BLM-A2 complex followed by analysis on native protein gels [48] [49] [50] [51] . Whether this BLM-binding protein is also a transporter of the drug awaits isolation and characterization from either yeast or human cells. It is expected that cells lacking this protein should be defective in F-BLM uptake and exhibit extreme resistant to the drug. It is noteworthy that the previously identified BLM3 gene encoding a large integral membrane protein that may belong to the major facilitator family of permeases, and which is believed to play a role in preventing the lethal effects of BLM, is unlikely to be a BLM transporter [52] . In fact, deletion of the entire BLM3 gene, or an allele blm3-1 of the gene, causes some sensitivity to BLM, rather than resistance [52] . Moreover, several mutants lacking permeases including Gap1 (the general amino acid permease), Put4 (proline-specific permease) and Can1 (arginine permease) do not show any altered resistance to BLM when compared with the parental strain (results not shown), arguing that BLM entry into the cells is performed by specific transporter(s). The observation that SPM diminishes F-BLM uptake, as well as protecting cells from the genotoxic effects of the drug, raises the possibility that SPM and BLM-A5 may utilize a common plasma membrane transporter to gain entry into the cell. Alternatively, SPM may act by triggering the down-regulation of the BLM-A5 transporter. As we cannot entirely exclude this latter possibility, three indications seem to support the former one. First, BLM-A5 used in the present study contains a region that is similar to the chemical composition of polyamines ( Figure 1A) , secondly, it is striking that the kinase-deficient mutants ptk2∆ and sky1∆, which are resistant to SPM due to defects in regulating the activity of the plasma membrane polyamine transporter, were also resistant to BLM ( Figure 8D ) [36, 46] and, finally, a genome-wide screen re-isolated ptk2∆ and sky1∆ as BLM-resistant mutants [47] . These facts suggest that the plasma membrane polyamine transporter might be involved in transporting BLM into the cells. However, there is one caveat, i.e. during short exposure, SPM does not block F-BLM uptake into the cell. While the reason for this is not obvious, it is noteworthy that SPM added to solid YPD media can effectively protect cells from toxicity caused by BLM-A5. Whether BLM-A5 and SPM indeed use a common transporter cannot be tested at the moment, as the plasma membrane polyamine transporter(s) has not yet been found, although Agp2 is being examined for possible involvement [39] . We note, however, that several vacuolar polyamine transporters have been discovered in yeast, but none of these played a role in regulating BLM resistance, as single mutants deficient in these transporters show parental resistance to BLM [39, 53] .
After F-BLM uptake, the drug begins to concentrate into the vacuoles of the parent strain within 60 min. Deletion of the END3 gene encoding a protein required for the initial step of endocytosis causes dispersal of the drug into the cytoplasm leading to rapid cell death [43] . On the basis of our findings, we propose a model ( Figure 9 ) whereby the plasma membrane transporter Agp2, and possibly others, delivers BLM-A5 into the cell. The drug, which may be internalized with the membrane transporter, is then channelled through the endocytic pathway to the vacuoles where it is sequestered for detoxification [43, 54] . Consistent with this model, we identified at least 40 genes, involved in vacuolar and vesicular transport, which when deleted cause BLM hypersensitivity [47] . Moreover, it has been shown that overexpression of the genes VPS3, VPS8 and PEP7, which encode proteins that function in vesicular trafficking between the endosomes and the vacuoles, were capable of protecting yeast cells against BLM lethality [55] . Thus leakage of BLM either during transport to the vacuole, or from the vacuole, may be responsible for the genotoxic effects of the drug. In this model, we propose that a fraction of the drug also reaches the vacuoles by the passive process of fluid-phase endocytosis, where internalization of molecules occurred without formation of a ligand [43] . If so, this might explain the presence of some drug in the vacuoles of the The drug enters the cell through a BLM transporter. The activity of the transporter might be influenced by the kinases Ptk2 and Sky1, which are known to regulate the plasma membrane polyamine transporter (see text). After uptake, BLM is channelled to the vacuole for detoxification. Interruption of the endocytic pathway to the vacuoles resulted in mutants that are hypersensitive to BLM. ptk2∆ mutant, although this could also be due to a leaky transport process caused by the absence of Ptk2.
In short, in constructing a fluorescently labelled form of BLM-A5, our study provides a useful tool to investigate further the transport mechanism of BLM in yeast, as well as in mammalian cells. We believe that a similar BLM transport machinery may also exist in human cells, as preliminary results reveal that F-BLM can be transported into HeLa cells and that the drug accumulates in the lysosomes (results not shown). Moreover, a dominantnegative form of the human SRPK1, a counterpart of yeast Sky1 kinase, was recently shown to confer on HeLa and Chinesehamster ovary cells resistance specifically to BLM [56] . If indeed a BLM transporter exists in mammalian cells, F-BLM could also be useful to identify among BLM-resistant tumours those that are defective in the drug uptake. So far, there is no evidence yet that BLM resistance might be linked to either multidrug efflux pumps or multidrug resistance-associated proteins [2, 57] , underscoring the importance of isolating and characterizing the human BLM transporter.
